The confinement of neutral beam (NBI) generated fast ions has been investigated at the ASDEX Upgrade tokamak. In plasmas that exhibit strong sawtooth crashes, significant sawtooth-induced internal redistribution of mainly passing fast ions is observed which is in very good agreement with theoretical predictions based on the Kadomtsev model. Between the sawtooth crashes, fishbone modes are excited which, however, do not cause measurable changes of the global fast-ion population. During experiments with on-and off-axis NBI and without strong magneto hydrodynamic (MHD) modes, the fast-ion measurements agree very well with neo-classical predictions. This shows that the MHD-induced (large scale), as well as a possible turbulence-induced (small scale) fast-ion transport is negligible under these conditions. However, in discharges performed to study the off-axis NBI current drive efficiency with up to 10 MW of heating power, the fast-ion measurements agree best with theoretical predictions that assume a weak level anomalous fast-ion transport. This is also in agreement with measurements of the internal inductance, a Motional Stark Effect diagnostic and a novel polarimetry diagnostic: The fast-ion driven current profile is clearly modified when changing the NBI injection geometry and the measurements agree best with predictions that assume weak anomalous fast-ion diffusion.
The confinement of neutral beam (NBI) generated fast ions has been investigated at the ASDEX Upgrade tokamak. In plasmas that exhibit strong sawtooth crashes, significant sawtooth-induced internal redistribution of mainly passing fast ions is observed which is in very good agreement with theoretical predictions based on the Kadomtsev model. Between the sawtooth crashes, fishbone modes are excited which, however, do not cause measurable changes of the global fast-ion population. During experiments with on-and off-axis NBI and without strong magneto hydrodynamic (MHD) modes, the fast-ion measurements agree very well with neo-classical predictions. This shows that the MHD-induced (large scale), as well as a possible turbulence-induced (small scale) fast-ion transport is negligible under these conditions. However, in discharges performed to study the off-axis NBI current drive efficiency with up to 10 MW of heating power, the fast-ion measurements agree best with theoretical predictions that assume a weak level anomalous fast-ion transport. This is also in agreement with measurements of the internal inductance, a Motional Stark Effect diagnostic and a novel polarimetry diagnostic: The fast-ion driven current profile is clearly modified when changing the NBI injection geometry and the measurements agree best with predictions that assume weak anomalous fast-ion diffusion. 
I. INTRODUCTION
The confinement of fast ions is an important topic in fusion research because these suprathermal particles are responsible for plasma heating [1] and current drive [2] . In present day fusion devices, fast ions are generated by neutral beam injection (NBI) or ion cyclotron heating (ICRH) and their slowing down distribution in unperturbed plasmas can be described by collisions with electrons and ions (neo-classical). In the presence of magneto-hydrodynamic (MHD) modes and turbulence, the fast-particle confinement can be affected by additional anomalous fast-ion redistribution. The physics background of this anomalous transport must be investigated in view of future fusion devices that will exhibit large fast-ion populations: Strong MHD modes and turbulence may not only limit the heating and current drive performance but could also damage the device due to the redistribution of the fast ions onto the first wall [3] .
Significant anomalous transport of fast ions has been observed due to sawtooth crashes and fishbones. Both are two prominent MHD instabilities that often occur in tokamak plasmas. They are linked to the growth of a n=1, m=1 kink mode [4] at the q=1 surface (here, n and m are the toroidal and poloidal mode numbers, respectively and q is the safety factor) and appear periodically. While the fishbone instability mainly interacts with trapped fast ions (it is resonant with the precession motion of the banana-tips of trapped particles), sawtooth crashes cause a fast magnetic reconnection in the plasma center and, hence, redistribute heat, particles and momentum. Already 20 years ago, a clear reduction of measured neutron rates was observed at the JET [5] and TFTR [6] tokamaks during sawtooth crashes, indicating a significant fast-ion transport. In recent years, measurements at DIII-D [7] and TEXTOR [8] showed that sawteeth redistribute passing fast ions more strongly than trapped ions (as predicted by theory [9] above a given critical fast-ion energy) and measurements at MAST [10] and JET [11] evidenced a reduction of the density of confined fast ions in the presence of fishbones.
The effect of small scale turbulence on the fast ions is, to a first approximation, expected to be negligible because the turbulent fields are supposed to average out over the fast ions' large gyro orbits and trajectories that deviate from the flux surfaces [12] . However, gyro-kinetic simulations show that the turbulence-induced variations of the magnetic field can hamper this orbit averaging mechanism [13] and hence, yield anomalous diffusion also for the suprathermal particles. Experimentally, differences between measurements and neo-classical expectations were observed at DIII-D [14] . Furthermore, the measurements from a Motional Stark Effect (MSE) diagnostic [15] at ASDEX Upgrade (AUG) were almost identical for on-axis and off-axis NBI heating which cannot be explained by neoclassical fast-ion current drive [16] . Turbulence-induced anomalous fast-ion transport was therefore attributed to these observations as the analyzed discharges were MHD-quiescent, i.e. no significant mode activity was observed using soft X-ray and magnetic measurements. This is, however, in contradiction to more recent measurements of the fast-ion slowing down distribution that do not show a clear impact of turbulence [17] [18] [19] .
Over the last few years, AUG has been equipped with a set of new fast-ion diagnostics. In particular a fast-ion D-alpha (FIDA [20] ) spectroscopy diagnostic has been put into operation [21] that is absolutely calibrated and, hence, allows us to compare predicted fast-ion densities with the experimental data. Moreover, a revised MSE diagnostic and a novel DCN polarimeter [22] permit us to investigate the effect of the fast ions on the current profile. The effects of large and small scale instabilities on the fast-ion confinement and on the fast-ion current drive efficiency can, consequently, be studied and are presented here. This paper is organized as follows: First, the experimental setup at AUG is presented focusing, on the FIDA diagnostic. Then, experiments using NBI heating are presented that show strong sawtooth crashes and fishbone activity. A comparison is given between the experimental data and theoretical predictions from TRANSP [23] that include the Kadomtsev model [24] . In the fourth section, investigations of the fast-ion confinement in MHD-quiescent discharges with 5 MW of on-and off-axis NBI are presented. Section five is devoted to the analysis of a discharge with up to 10 MW of heating power that was preformed to study the off-axis NBI current drive efficiency. The measured radial fast-ion profiles are compared with simulations and changes of the current profile due to the application of off-axis NBI are studied. Finally, a short conclusion and summary are given.
II. EXPERIMENTAL SETUP
ASDEX Upgrade [25] is a medium size tokamak with minor and major radii of 0.5 m and 1.65 m, respectively resulting in an aspect ratio similar to ITER [26] . The experiments presented here were performed in deuterium plasmas with a central toroidal magnetic field strength of about −2.5 T and a feedback controlled plasma current at either 800 kA or 1 MA. Five different neutral beams, delivering each 2.5 MW of heating power were used for this investigation. The geometry of these NBIs, injecting fast deuterium neutrals in the plasma current direction, is described in figure 1a and 1b on a top-down and poloidal view. As can be seen in the poloidal view, three of the beam sources inject radially into the plasma center whereas two beams, i.e. Q6 and Q7, have an off-axis and tangential geometry and are used for off-axis current drive experiments. Simulated (TRANSP) deposition positions of the injected neutrals from these NBIs, as well as the corresponding fast-ion densities, are plotted in figure 2 for Figure 2c and 2d show the deposition and density profiles for the operation of Q3 together with the two off-axis sources (Q6 and Q7). Representative velocity-space distributions for the two cases are depicted in figure 3b and 3c as a function of energy and pitch for two radial positions (pitch = v || /v where v is the absolute value of the fast-ion velocity and v || is its component anti-parallel to the magnetic field). In addition, figure 3a shows the central velocity-space distribution of fast ions from just NBI Q3. Most of the fast ions have positive pitch values, corresponding to the co-current neutral beam injection geometry. In figure 3a , two peaks can be observed in the fast-ion velocity space distribution at pitch values close to 0.6. These can be attributed to the full injection energy of NBI Q3 of 60 keV and to the injection of half (30 keV) and one third (20 keV) energetic particles which is characteristic for positive ion sources in NBI systems. The maximum energy in figures 3b and 3c corresponds to the full injection energy of 93 keV of sources Q5-Q8. The pitch values of the fast ions from sources Q5 and Q8 are similar to those of fast ions injected by Q3 since the geometry of the sources is comparable. In contrast, the paths of the off-axis sources are close to tangential to the magnetic field lines. Therefore, these neutral beams generate fast ions with pitch values close to 1 (see figure 3c ). The main diagnostic used for this investigation is a fast-ion D-alpha (FIDA) spectroscopy diagnostic. This diagnostic utilizes the principle of charge exchange recombination spectroscopy (CXRS [27] ) and is well suited for measuring fast ions present in the velocity-space region populated by the individual NBIs. Strongly Doppler shifted Balmer alpha radiation (n=3 → n=2, 656.1 nm) is analyzed that is emitted by fast ions after receiving an electron along the path of neutral beam Q3. By using several lines of sight (LOS) that intersect this NBI path, good radial coverage of the plasma is obtained. The LOS geometry of the FIDA diagnostic is plotted in figure 1 with toroidal views illustrated in blue and poloidal views shown in red. Example spectra from a central toroidal LOS and a central poloidal LOS are shown in figure 4 for four successive time points during operation of NBI Q3 only (actually measured in discharge #30809 which will be discussed in detail in section III.). Between 655 nm and 657 nm, the very intense D-alpha radiation from the plasma edge is blocked by a filter (actually a wire in the FIDA spectrometer close to the camera of the diagnostic) because it would cause saturation of the diagnostic's CCD camera. The experimental data in figure 4 is compared with simulated spectra from FIDASIM [28] . FIDASIM is as a Monte Carlo code on a 3D simulation grid that calculates synthetic FIDA spectra based on a given theoretical fast-ion distribution function. The simulation plotted in red in figure 4 shows the FIDA radiation that corresponds to a neo-classical fast-ion distribution function from TRANSP [23] . The FIDA radiation can only be analyzed at strongly red and blue-shifted wavelengths because at lower wavelength shifts, it is obscured by other spectral components. The strongest contributions, in addition to the FIDA radiation, are the beam emission from the injected neutrals (the corresponding prediction from FIDASIM is plotted in yellow/orange) and halo emission (simulation shown in green) that is charge exchange radiation from thermal deuterium ions. Moreover, passive components (also present without NBI Q3) limit the observable wavelength range. In particular, impurity line radiation of Oxygen (OV at 650.02 nm) limits the observation of blue-shifted FIDA radiation. For the investigation presented here, FIDA radiation is analyzed between 651 nm and 652 nm and between 660 nm and 661 nm. The Bremsstrahlung radiation, additionally present in these wavelength intervals, is modeled as a constant that is independent of the wavelength. The region in the velocity space that is accessed when analyzing the FIDA radiation in a given wavelength range depends on the LOS geometry, i.e. on the projection angle between the magnetic field and the LOS. Hence, different regions in velocity space are monitored by the toroidal (∼ 10
• ) and poloidal LOS (∼ 70
• ). The velocity-space regions, addressed when analyzing red and blue-shifted FIDA radiation from the two viewing geometries, are illustrated in figures 5a -5d in terms of weight functions [29, 30] . As can be seen in figure 5a , the toroidal LOS on the blue-shifted side of the spectra can only detect counter rotating passing fast ions above 30 keV with pitches close to -1. In contrast, the toroidal LOS on the red-shifted side (figure 5b) are sensitive to co-rotating fast ions. The poloidal LOS cover a broad range in velocity space. The blue-shifted part of the spectra is more sensitive to negative pitch values (see figure 5c ) and the red-shifted part measures fast ions with pitch values biased towards the positive side (figure 5d). It should be noted that, based on these weight functions, a tomographic reconstruction of the fast-ion velocity space distribution can be performed [31] .
Due to the injection geometry of the NBI sources at AUG, the fast-ion distribution functions have mainly positive pitch angles (see figure 3 ). Fast ions with negative pitch values are only produced by pitch angle scattering (which becomes significant at fast-ion energies below 18.6 · T e [1] ) and by trapped orbits. Therefore, the overlap of the weight functions with the distribution functions is small for blue-shifted wavelengths and large for red-shifted wavelengths. • relative to the magnetic field. e-h) Product of the velocity space distribution shown in figure 3a and of the weight functions.
Figures 5e-5h show the product of the weight functions with the representative velocity-space distribution of fast ions generated by NBI Q3, shown in figure 3a. The significant overlap of the toroidal weight function for red-shifted wavelengths with the fast-ion distribution function (see figure 5f) explains the asymmetric shape of the FIDA radiation in the toroidal spectrum (4a): the strongest FIDA contribution is visible at red-shifted wavelengths. Interestingly, the poloidal LOS allows us to measure FIDA radiation as well between 651 nm and 652 nm (see figure 4b ). This radiation corresponds to fast particles with pitch values in the vicinity of zero. When analyzing this radiation we, hence, obtain information on mainly trapped fast particles. TABLE I : Main discharge parameters of #30809 consisting of the toroidal magnetic field, Bt, the plasma current, Ip, the average electron density, ne, the safety factor at 95% of magnetic flux, q95, the position of the q=1 surface, ρt(q = 1) and the approximate maximum magnetic perturbation amplitude induced by n=1, m=1 modes, δBmax.
III. SAWTOOTH AND FISHBONE EXPERIMENTS

Bt
Discharges with 2.5 MW of heating power from NBI source Q3 have been conducted with 1 MA of current and -2.4T of magnetic field (see table I ). Figures 6a, 6b and 6c display characteristic time traces, a spectrogram and the approximate magnetic perturbation amplitude induced by n=1, m=1 modes for a representative discharge. The approximate magnetic perturbation amplitude has been calculated based on measurements of a magnetic pick-up coil at R = 2.25 m by assuming that the amplitude decays with 1 r m+1 . The sawtooth crashes become visible by spikes in the magnetic perturbation amplitude and by the drops of the central electron density and temperature, the central ion temperature and plasma rotation (see figure 6a ). This behavior is well known and expected as the sawtooth instability is linked to the magnetic reconnection of field lines in the plasma center and redistributes heat, particles and momentum.
The relatively low electron densities and high temperatures in discharge #30809 yield low collision frequencies (∼ n e /T e 3/2 ), long slowing down times and consequently a significant fast-ion fraction in the plasma. Hence, the FIDA diagnostic measures with good signal to noise ratio and a clear fast-ion redistribution due to the sawtooth crashes can be observed. As an example, figure 7a and 7b show spectra from a central toroidal LOS and a central poloidal LOS, respectively. The data plotted in black corresponds to four time points before the sawtooth crash at about 2.5 s in discharge #30809. The spectra in red represent the measurements after that sawtooth crash. As can ) and poloidal ((0.1 · 10 16 ph/(s sr m 2 )) profiles in order to match the simulation which is shown by solid lines. These offsets can be explained by passive FIDA radiation that is caused by charge exchange reactions between fast ions and neutrals at the plasma edge and which can be roughly described by a constant in the radial profiles (see [21] ).
The simulated profiles from FIDASIM represent a fast-ion distribution function from TRANSP which has been supplied with time-dependent information on the plasma current and separatrix position, on the geometry, power and timing of NBI and on the kinetic profiles. TRANSP (the module NUBEAM) first determines the deposition position of NBI and then follows the corresponding fast-ion orbits in the poloidal plane. The orbits are simulated in the gyro center approximation and the interaction with electrons and ions is considered by a Monte Carlo collision operator. The evolution of the fast-ion density is simulated by starting new fast-ion markers in the orbit simulation every 10 ms and by removing the thermalized fast ions as soon as their energy is below 3/2 · T i . The sawtooth redistribution in TRANSP has been simulated by applying the Kadomtsev model [24] for predefined time points. The Kadomtsev model assumes complete reconnection of the helical magnetic field component, B * , which is defined relative to the helically twisted field lines in the q=1 surface. B * changes its sign at the q=1 surface since the field lines are more twisted inside q=1 than outside. The helical flux, i.e. the integral over B * has consequently an extremum at q=1. The model assumes that the field lines inside q=1 reconnect with those field lines outside q=1 that are located at the same helical flux. The new positions of the reconnected field lines after a sawtooth crash are calculated based on the conservation of the toroidal flux. Finally, the sawtooth-induced fast-ion redistribution is determined assuming that fast ions are bound to the reconnecting field lines and that their quantity is conserved.
As plotted in figures 9a and 9b, a drop of the central fast-ion density of more than 50% is simulated when applying the Kadomtsev model. In addition, an increase of the fast-ion density is predicted at ρ t ∼ 0.4, according to the radial redistribution of fast ions. The profiles from FIDASIM in figures 8a and 8b represent this TRANSP simulation. Their good agreement with the measurements gives evidence that the sawtooth crashes internally redistribute a large part of the confined fast ions.
In figure 10e , the temporal evolution of the measured neutron rates (black) is compared with the neutron flux predicted by the TRANSP code (red). The drops of the predicted neutron rates after every sawtooth crash are in good agreement with the measurement. The relatively weak variation by only about 10% (compared to a fast-ion redistribution of about 50%) agrees with the observation from FIDA spectroscopy: the sawtooth crashes mainly cause an internal fast-ion redistribution but no significant losses. Indeed, if the sawteeth ejected fast ions from the plasma, the neutron rates would drop more significantly. Here, it should be noted that the absolute value of the neutron rate is not perfectly matched by the simulation which may be explained by uncertainties in the measured effective charge. The latter leads to uncertainty in the deuterium density which yields uncertainty in the calculation of neutron rates: the fusion reaction between the fast ions and thermal deuterium ions is typically the dominant source of neutrons.
In addition to the neutron rates, figure 10 compares the temporal evolution of the FIDA data from the toroidal and poloidal LOS with the measurement of a magnetic pick-up coil. The FIDA data represents the integrated FIDA radiation (in wavelength), divided by the level of the beam emission which is measured in the spectra of the toroidal LOS (see figure 4) . The beam emission depends on the attenuation of the injected neutrals and, hence, allows us to account for changes of the density of neutrals present along the NBI path. The latter could modify the FIDA signal even if the fast-ion density was constant. The ratio between the FIDA radiation, I FIDA , and the beam emission, I BES , does account for this effect and is a more appropriate signal to study the temporal evolution of the fast-ion density. The I FIDA /I BES signals from a central toroidal (blue) and poloidal (red) LOS are shown in figure 10b for red-shifted wavelengths (between 660 nm and 661 nm). Clearly, the measured signals drop simultaneously with the appearance of the sawtooth crashes in the magnetic signal and then recover slowly. Interestingly the I FIDA /I BES signals from the two viewing geometries first show a similar trend which then becomes different from about 2.5 s on: While the signal from the toroidal LOS increases monotonically between the crashes, the I FIDA /I BES signal from the poloidal view saturates. This different behavior might be explained by the rise of the electron and impurity density during the observed time interval and, hence, by the increase of the collision frequency. Increased collision frequencies cause stronger pitch angle scattering and consequently a more efficient redistribution of energetic particles to passing orbits to which the toroidal views are very sensitive (see figure 5) . In contrast, the poloidal views measure a saturated density as these views are sensitive to fast ions at pitch values in the broad vicinity of 0.5 which corresponds to the injection geometry of NBI Q3. For these ions to exist, no pitch angle scattering is necessary. Pitch angle scattering in fact rather reduces the fast-ion density in the observed region of velocity space. The data shown in figure 10c corresponds the blue shifted wavelengths, i.e. mainly counter-rotating fast ions. The I FIDA /I BES signal from the poloidal LOS (red) covers the velocity space of trapped fast ions. Interestingly, the measurement shows no correlation with the appearance of the sawtooth crashes, indicating that the sawtooth-induced fast-ion redistribution is weak in the observed part of velocity space. It should be noted that the toroidal measurement (blue) exhibits almost no FIDA signal. The density of purely counter-rotating fast ions, probed by this view at blue shifted wavelengths, is negligible because the NBI geometry is co-current.
The I FIDA /I BES signals measured outside the q=1 surface (at ρ t = 0.5) are plotted in figure 10d for red-shifted wavelengths. Clearly, the toroidal LOS measures an increase of the I FIDA /I BES signal directly after the sawtooth crashes, followed by a slow decay within about 50 ms. This shows that passing fast ions are radially redistributed by the crashes and that these ions are subsequently slowed down. In contrast to this observation, the poloidal data outside q=1 does not exhibit an increase after the crashes. This is in agreement with the observation of a weaker redistribution of the fast ions in the broad vicinity of pitch values of 0.5. Moreover, the absence of an increased signal can be explained since the redistributed fast ions change their pitch angle. Fast particles that are ejected to the low-field side keep their magnetic moment and, hence, get on more passing orbits. These more passing orbits are rarely detected by the poloidal views while the toroidal LOS are very sensitive to such modification of the pitch angle distribution.
The clear observation of the fast-ion redistribution due to sawtooth crashes demonstrates the high sensitivity and good signal to noise ratio of the FIDA diagnostic. Therefore it is possible to also study the fast-ion transport induced by other instabilities such as fishbones. Fishbone instabilities are well visible in discharge #30809 before the sawtooth crashes from about 2.5 s on. Figure 10f shows a zoom of the magnetic data plotted in figure 10a between 2.72 s and 2.75 s. The increasing and then decreasing oscillations in the magnetic measurement are a clear footprint of fishbone activity. The modes are firstly excited by the resonant interaction with trapped fast ions. The subsequent decay of the mode amplitude is then explained by anomalous fast-ion transport: The instability redistributes the resonant particles in phase space, loses its drive and, consequently, decays. This anomalous fast-ion transport is, however, relatively small or localized in a very specific part of the phase space. Neither the measured neutron rates, nor the FIDA data exhibit a variation that is correlated with the presence of the individual fishbone modes. Therefore, we can state that, under the investigated conditions, the fishbone instability is a small perturbation of the fast-ion distribution function. In particular, a strong anomalous fast-ion transport of the passing fast ions can be excluded because these particles are very well probed. In order to obtain a better signal to noise ratio in the measurement of the trapped fast-ion population, new experiments are planned using more radial NBI geometry. This produces more trapped fast particles and increases the drive of the fishbone modes.
The experimental evidence of a very strong sawtooth-induced redistribution of co-rotating fast ions, as presented here, is in good agreement with recent observations at ASDEX Upgrade [19] . There also, a sawtooth-induced increase of the fast-ion density outside the sawtooth inversion radius has been observed that is followed by a relatively slow decay. Good agreement between the corresponding decay times and the fast-ion slowing down times hereby suggests that the fast-ion transport is neo-classical in the phase between the crashes.
IV. MHD-QUIESCENT EXPERIMENTS USING ON-AND OFF-AXIS NBI
Bt
Ip ne q95 ρt(q = 1) δBmax As already mentioned in the introduction, previous experiments at ASDEX Upgrade suggested that small scale turbulence is responsible for the observation of weaker off-axis NBI current drive than predicted by neo-classical theory. Motivated by our new diagnostic capabilities, MHD-quiescent discharges, similar to these prior experiments were performed with a toroidal magnetic field of −2.5 T and a plasma current of 800 kA (see table II). Characteristic time traces of a representative discharge (#27237) are plotted in figure 11a. 5 MW of on-axis NBI heating power was replaced by off-axis NBI between 3 s and 5 s, simultaneously with the application of electron cyclotron resonance heating (ECRH) to maintain a constant central electron temperature. In addition, short pulses from NBI Q3 were made as the FIDA and CXRS measurements rely on that beam line. Thus, ion temperature and rotation measurements can be performed between 3 s and 5 s. A significant drop of the central ion temperature and rotation is observed during this off-axis NBI phase, indicating that the heat and momentum deposition profile of the fast ions has changed. This is in agreement with the temporal evolution of radial FIDA intensity profiles from the toroidal LOS, as plotted in figure 12 . The shape of the profiles clearly changes when switching from on-axis NBI to off-axis NBI heating. Between 1.2 s and 3 s and between 5 s and 6 s, the profiles are peaked at ρ t ≈ 0.3 which corresponds to the on-axis NBI injection scheme. During the application of off-axis NBI (between 3 s and 5 s) the active FIDA radiation, only visible when NBI Q3 is operational, is peaked at ρ t ≈ 0.5. Here, it should be noted that the intensity of the FIDA radiation not only depends on the fast-ion density, but also on the density of neutrals along NBI Q3. The latter is attenuated towards the plasma center and, thus, the FIDA profiles are not peaked in the very center during on-axis NBI heating but slightly off-axis. Forward modeling by FIDASIM is consequently needed to interpret the absolute value and shape of the FIDA profiles. Figure 13a shows radial FIDA intensity profiles that were measured during on-axis NBI at about 2.98 s and figure 13b shows profiles measured during off-axis NBI at about 4.25 s. Passive radiation has been subtracted from the data, based on measurements when NBI Q3 was off. In addition to the experimental data, FIDASIM results are shown for two different fast-ion slowing down distributions from TRANSP. The simulated radial FIDA intensity profiles in blue represent a neo-classical fast-ion behavior while the profiles in red are calculated with the assumption of a constant (in time and space) anomalous fast-ion diffusion of 0.5 m 2 /s. The radial FIDA intensity profiles measured during on-axis NBI, but also those measured during off-axis NBI are in good agreement with the neo-classical simulation. The assumption of an additional fast-ion transport does, on the contrary, not fit most parts of the experimental data. This indicates that, in the presence of weak MHD activity (see figures 11b and 11c), the anomalous fast-ion diffusion is well below 0.5 m 2 /s. The effect of small scale turbulence on the radial fast-ion transport is consequently small.
It should be noted that the detailed investigation of the current driven by the application of on-and off-axis NBI in discharge #27237 is not possible. The most important diagnostic to study of the current distribution at AUG, i.e. the MSE diagnostic, relies on the continuous operation of NBI Q3. Since this beam source was only operated in short blips during off-axis NBI, the evolution of the current profile cannot be analyzed. For this reason, new NBI current drive experiments have been conducted in the 2014 experimental campaign. The results of these experiments are presented in the next section. The analysis of the NBI current-drive (NBCD) efficiency is closely linked to the study of the transport of beam- generated fast ions: If fast ions were redistributed by an anomalous diffusion, also the current driven by these ions would change. Consequently, the combined analysis of the fast-ion density and the fast-ion driven current can provide a more detailed view on the fast-ion transport processes. Moreover, the analysis of NBCD is a very important topic for future fusion devices since the continuous operation of tokamak discharges, as well as the capability to tailor the q-profile, relies in part on efficient NBCD. In the 2014 experimental campaign, discharges with −2.6 T of toroidal magnetic field and a plasma current of 800 kA have been performed to study the effect of the off-axis NBI sources on the fast-ion and current profiles (see table III and during off-axis NBI (dashed lines) of the total current (blue), the Bootstrap current (black) and the current driven by the application of central ECCD (green). In addition the total current is shown when assuming anomalous fast-ion transport. c) Predicted fast-ion current density from NBI for the on-axis and off-axis cases. In blue, the neo-classical simulation is plotted. In red, the simulation assuming an anomalous fast-ion diffusion of 0.5 m 2 /s is shown.
V. OFF-AXIS NBI CURRENT DRIVE EXPERIMENTS USING 10 MW OF HEATING POWER
are shown in figure 14a. As can be seen, 7.5 MW of NBI heating power were applied from 2 s until 9 s. To provide continuous FIDA, CXRS and MSE measurements, NBI Q3 was turned on during that whole phase. In addition, three 3 s long phase of 5 MW of on-axis NBI (Q5 and Q8) and of off-axis NBI (Q6 and Q7) where applied. These relatively long phases are needed to study the evolution of the current profile: When turning on a given current drive source, the injected net current creates a magnetic field that generates a second mirror current carried by electrons. Both currents are firstly compensating each other until the mirror current decays on the relatively long resistive time scale of few seconds. Additionally to the application of NBI heating, electron cyclotron current drive (co-ECCD) was used in the plasma center throughout the discharge in order to avoid sawtooth crashes. The latter could interfere with our measurements because sawteeth broaden the fast-ion and current profiles. Moreover, 0.6 MW of modulated (30 Hz) preemptive ECCD was successfully applied at the q = 1.5 surface to prevent the possible destabilization of a tearing mode that could also affect our measurements. When replacing two on-axis NBI sources by the off-axis sources between 4 s and 7 s, additional central ECRH is applied to keep the temperature profile constant. The ohmic current profile strongly depends on the plasma resistivity and, hence, on the electron temperature profile. If the central electron temperature dropped, the current profile would broaden, even without the influence of fast particles. To maintain constant electron temperature profiles, a new real-time algorithm was developed and applied for the first time in this experiment. The algorithm receives the electron temperature measured by the ECE diagnostic at ρ t = 0.2 and accordingly controls the ECRH power. As can be seen in figure 17a , the feedback-controlled application of central ECRH results in comparable electron temperature profiles during on-and off-axis NBI from ρ t = 0.2 outwards. In the very center, slightly too high electron temperatures are measured which is, however, not crucial of the analysis of the NBI current drive efficiency: The plasma volume is small for ρ t < 0.2 and too high temperatures yield more peaked current profiles which is opposite to what we expect from off-axis NBI current drive. The electron density, as well as the effective charge (determined from the level of Bremsstrahlung in the spectra of the CXRS diagnostics [32] ) remains unchanged between 2 s and 9 s. In contrast, the central ion temperature and rotation (which both do not impact the current profile) clearly drop when switching to off-axis NBI, explained by the different torque and heat deposition profiles of off-axis NBI.
The temporal evolution of the radial FIDA intensity profiles is plotted in figure 15 . The modification of the FIDA profiles is clearly observed when switching from on-axis NBI to off-axis NBI: During on-axis NBI, the radial intensity profiles are peaked at ρ t ≈ 0.2 (the FIDA intensity profiles do not peak in the plasma center as they also depend on the attenuation of NBI Q3) and during off-axis NBI, the maximum of the radial FIDA intensity profiles is located at ρ t ≈ 0.5.
In figures 16a and 16b the experimental profiles are plotted in black for four successive time points during on-axis NBI (at 3.88 s) and during off-axis NBI (at 4.98 s). The profiles correspond to spectra from the toroidal LOS that were integrated between 660 nm and 661 nm and from which passive radiation was subtracted. In addition, simulated profiles (FIDASIM+TRANSP) are shown in color. The profiles plotted in blue represent the FIDA radiation expected from neo-classical fast-ion distribution functions from TRANSP (already presented in section II, figures 2 and 3). In addition, figures 16a and 16b show profiles plotted in red and green that represent simulations assuming constant anomalous transport of 0.2 m 2 /s and 0.5 m 2 /s, respectively. This very basic assumption of anomalous fast-ion diffusion is a 0-order approach to assess the effect of instabilities on the fast-particle confinement. However, a relatively good agreement between the measured profiles and the simulation assuming an anomalous fast-ion diffusion of 0.2 m 2 /s is found. This indicates a finite, but small anomalous transport and we can define an approximate upper boundary of the anomalous fast-ion transport in discharge #30840: 0.5 m 2 /s. It should be noted that, despite the anomalous fast-ion diffusion of up to 0.5 m 2 /s, the radial fast-ion density profiles change when switching from on-axis NBI to off-axis NBI. This consequently changes the current driven by the on-and off-axis fast-ion populations. Figures 17b and 17c illustrate the TRANSP predicted contributions to the current profile (except the ohmic current). The solid lines correspond to the on-axis NBI phase while the dashed lines represent the off-axis NBI heating case. The contribution from the bootstrap current is plotted in black in figure 17b. It is nearly unaffected when comparing the on-axis phase with the off-axis phase because the electron density and temperature profiles remain roughly constant during the discharge. Also the current generated by the application of ECCD, visible in green, does not vary appreciably. The total current profile (blue) changes when replacing on-axis NBI by off-axis NBI because the fast-ion current density changes. The NBI driven current, as calculated by TRANSP using [33] , is shown in figure 17c in blue. It varies significantly when switching from on-axis NBI to off-axis NBI. In addition to this neo-classical prediction, simulated current density profiles are given in red that represent an anomalous fast-ion diffusion of 0.5 m 2 /s (the upper boundary of the fast-ion transport observed by FIDA spectroscopy). As can be seen, the anomalous fast-ion diffusion results in a reduction of the fast-ion driven current by up to 50%.
In the following, this prediction is compared with the experimental data from DCN polarimetry, magnetic signals (the internal inductance) and with data from the MSE diagnostic. The MSE diagnostic analyzes a part of the beam emission spectrum emitted by fully energetic neutrals from NBI Q3 (the sigma component of D-alpha light that is split by the Stark effect). The polarization direction of this radiation depends on the projection angle of the magnetic field lines on the plane perpendicular to the MSE's LOS and is sensitive to changes of the poloidal magnetic field. It, hence, allows us to investigate the plasma current distribution. In figure 18 , measured projection angles from five LOS of the MSE diagnostic are plotted in gray. The individual LOS measure at different radial positions which are indicated by values of the normalized toroidal flux. A clear variation of the MSE measurement is visible at 3 s. This change is caused by a radial sweep of the plasma column by about 2.5 cm that was performed to validate the measurement. By sweeping the plasma, different field line angles are scanned over the LOS. The clear effect of the sweep proves that the diagnostic measures changes of the field line angles accurately. When replacing the on-axis NBI sources by the off-axis sources in discharge #30840 at 4 s, a fast change of the field line angles is observed in the outer LOS. This change is related to a change of the pressure profile: When switching from on-axis NBI heating to off-axis NBI, the ion and fast-ion pressure profiles change on the time scale of the fast-ion slowing-down time which is in the range of 40 ms in discharge #30840. This change results in a different Shafranov shift of the plasma center (about 1.5 cm as predicted by TRANSP) and, thus, in a relatively fast change of the angles observed by the MSE. After this step, a slow and continuous evolution is visible in the outer channels of MSE diagnostic that can be attributed to the off-axis NBI current drive.
In color, simulated MSE angles from TRANSP are plotted that are normalized to the measured data before the off-axis NBI heating phase. The variation of the measured MSE angles during the radial sweep is well matched by the simulation. In blue, the neo-classical simulation is shown that predicts much stronger changes of the MSE angles than actually observed. The data in red represents a TRANSP simulation assuming an anomalous fast-ion diffusion of 0.5 m 2 /s. This simulation well agrees with the data. The assumption that the fast ions do not drive current at all (orange) does not fit.
This result is in agreement with investigations of the internal inductance ( i ). The internal inductance depends on the volume integral of the square of the poloidal magnetic field inside the separatrix [34] and is high when the current profile is peaked in the plasma center and small when it is broad. It can be reconstructed by equilibrium codes that are based on magnetic coil measurements which yield i /2 + β pol [35] where β pol is the ratio of the plasma pressure and the poloidal magnetic field energy. The internal inductance based on magnetic measurements has been reconstructed by the CLISTE equilibrium code [36] and is shown in gray in figure 19 . It clearly shows the effect of the off-axis NBI sources between 4 s and 7 s that shift the current distribution outwards, causing the reduction of i . The slow decrease during off-axis NBI heating and the subsequent increase after switching back to on-axis NBI at 7 s can be explained by the long current diffusion times (∼ 1 s). In blue, the time trace of the simulated i (TRANSP) is illustrated that is calculated from the predicted current distribution assuming a neo-classical fast-ion behavior (a constant offset of 0.145 has been added to the simulations in order to match the measurement, explained by slightly different definitions of i in the codes). The temporal evolution of the simulation matches the measurement well. Also the simulated i that corresponds to an anomalous fast-ion transport of 0.5 m 2 /s, shown in red, is consistent with the i from CLISTE. Assuming no fast-ion driven current, however, clearly does not match. Also measurements yielded by a novel polarimetry diagnostic [22] show a clear effect of off-axis neutral beam current drive. The polarimetry diagnostic measures the Faraday rotation of the polarization direction of a DCN laser beam that propagates horizontally through the plasma at about mid radius. The Faraday rotation is sensitive to the poloidal magnetic field and, hence, allows us to investigate the plasma current distribution. Figure 19b shows in gray the measurement of the polarimetry diagnostic compared with a forward model (called IDE) that uses TRANSP predicted equilibria. The simulated polarimetry data, which corresponds to a neo-classical TRANSP simulation/equilibrium, is plotted in blue. In red, a simulation is plotted, which assumes an anomalous fast-ion transport of 0.5 m 2 /s. The simulation illustrated in orange corresponds to a prediction assuming no fast-ion driven current. It should be noted that the experimental data has been corrected by a constant offset (1.45 degrees, likely explained by uncertainties in the offset determination of the DCN diagnostic). Moreover, the present polarimeter setup shows increased noise level during density ramps. In the time window of interest of discharge #30840, however, the density was constant and the uncertainty in the polarimetry signal therefore small. We can consequently conclude that the simulation plotted in orange, i.e. the assumption that no current is driven by the fast ions, does not match the experiment.
In conclusion, the overall agreement of four independent measurements shows that the application of off-axis NBI produces a clear change of the radial fast-ion profiles. Not only is the FIDA radiation shifted outwards during offaxis NBI. Also the current profile is modified when switching from on-axis NBI to off-axis NBI. Predictions from TRANSP that assume an anomalous fast-ion diffusion of up to 0.5 m 2 /s are in agreement with all measurements and, hence, show that under the investigated conditions, a weak fast-ion transport is present. It can be speculated if this anomalous transport is caused by turbulence. However, also MHD instabilities might be responsible for the mismatch between the experimental data and the neo-classical simulations. Despite the suppression of large tearing modes in discharge #30840, the magnetic spectrogram, plotted in figure 14b, indicates fishbone activity during the on-axis phases and a continuous n=1, m=1 mode during the off-axis phase. An effect of these modes on the fast-ion confinement cannot be excluded which makes a clear conclusion on the origin of the anomalous transport impossible. However, it should be noted that these results imply that in future fusion devices, the application of off-axis NBI current drive is likely to be effective to tailor and modify the current profiles.
VI. CONCLUSION
The impact of sawtooth crashes on the distribution function of fast ions with 60 keV maximum energy has been studied. A sawtooth-induced redistribution of more than 50% of the central fast-ion population has been observed by a novel fast-ion D-alpha (FIDA) diagnostic. The diagnostic uses two arrays of lines of sight and monitors different parts of the fast-ion velocity space. Theoretical predictions by FIDASIM and TRANSP that use the Kadomtsev model to account for the sawtooth-induced fast-ion redistribution are in good agreement with measured spectra and radial profiles. Moreover, the purely co-rotating fast ions are found to be mostly affected by the crashes, while a strong redistribution of fast ions in the broad vicinity of zero pitch is not detected. In contrast to the significant fast-ion redistribution due to the sawtooth crashes, fishbone modes, observed between subsequent sawtooth crashes, do not exhibit a measurable effect on the fast-ion distribution function. This can possibly be explained as fishbone modes only redistribute fast ions in a small region of the phase space.
In dedicated experiments with 5 MW of NBI heating power, the FIDA measurements evidenced a good confinement of fast ions. Radial profiles of the FIDA radiation, measured during on-axis NBI and during off-axis NBI, are in very good agreement with neo-classical predictions from TRNASP. The MHD-induced fast-ion transport, but also a possible fast-ion transport due to turbulence, is consequently below the measurement uncertainties.
In discharges with up to 10 MWof total heating power, the FIDA profiles are slightly flatter than predicted by purely collisional transport and the additional fast-ion diffusion coefficient is in the range of 0.5 m 2 /s. An investigation of the NBI current-drive efficiency based on data from an MSE diagnostic, a DCN polarimetry diagnostic and the internal inductance agrees with this transport level but also shows that the fast-ion current profiles are modified when varying the NBI injection scheme. A clear broadening of the current profile is measured when replacing on-axis NBI by off-axis NBI.
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